Background: Several actin nucleators, including Arp2/3 and various formins, control numerous cytoskeletal-based functions in vivo. Results: We investigated the relative roles of these nucleators. As a model system, we used natural killer (NK) lymphocytes, which display a wide range of cytoskeletal-based functions that culminate in the lysis of target cells.
Introduction
Within cells, regulated actin assembly is initiated by two major classes of actin nucleators, the Arp2/3 complex and the formins [1, 2] . The Arp2/3 complex binds to the side of an existing ''mother'' filament and promotes the formation of a new ''daughter'' filament, creating a dendritic actin array. Arp2/3 generally requires activation by a nucleation-promoting factor (NPF) from one or more of the following families: the WiskottAldrich syndrome protein (WASP) family, the WASP family verprolin-homologous protein (WAVE) family, and the cortactin family, which includes hematopoietic lineage cell-specific protein 1 (HS1).
In contrast to Arp2/3, formins interact with the barbed end of actin filaments and promote incorporation of new actin monomers [3, 4] . Formin-mediated actin assembly generally leads to the formation of elongated parallel bundles of straight filaments like those in filopodia [3, 5] . Formins are a large and diverse group of proteins with many representatives in mammalian systems. They differ in the degrees to which they promote actin assembly at barbed ends, inhibit capping, and nucleate new filament formation. Most strikingly, they contain different regulatory regions, and they show widely divergent cell and tissue expression patterns [6] .
We wish to understand the relative roles of Arp2/3-and formin-mediated actin assembly in cells. As a model system, we chose natural killer lymphocytes (NKLs) because they display a range of cytoskeletal functions in their ultimate role as killers of target cells, including cancer cells and virus-infected cells.
The processes by which NK cells interact with and kill potential target cells include extravasation, chemotactic migration, and binding to potential target cells, which depend on actin and microtubule functions [7] [8] [9] .
NK cell motility is initiated by environmental signals that promote adhesion between NK and vascular endothelial cells, resulting in attachment and transmigration. Adhesion and migration involve the regulated assembly and crosslinking of actin filaments that support leading-edge membrane protrusions, in coordination with cycles of integrin-based cellsubstrate attachment and detachment, actin disassembly behind the leading edge, cell body contraction, and retraction of the uropod.
NK cells interact with potential target cells through multiple cell-surface receptors for different ligands on potential target cells. Depending upon the receptor/ligand repertoires of both the NK and target cells, NK cells establish either a tight, stable ''lytic synapse'' (LS), resulting in lysis of the target cell, or a transient synapse, resulting in release of the target cell with no lysis. During a transient, noncytolytic interaction, the NK cell shows little actin reorganization. In contrast, during a stable cytolytic interaction, the NK cell actin cytoskeleton reorganizes to become highly polarized toward the target cell, which is essential for formation of a tight lytic synapse and cytolysis of the target cell [7, 8, 10] . Microtubules (MTs) also have an important role in the lytic activity of cytotoxic cells. Lytic granules move along MTs, mediated by kinesins in cytotoxic T lymphocytes (CTLs) [11] . In CTLs, the MT-organizing center (MTOC) moves toward the lytic synapse [12] .
In addition to their role in actin assembly, recent evidence has linked formins to the regulation of MT dynamics, most notably in migrating fibroblasts [13] [14] [15] . In T cells, the loss of the formins FMNL1 or mDia1 leads to a partial disruption of lytic synapse formation as well as a loss of MTOC localization [16] . The connection between formins and MTs appears to be mediated by the interaction between the MT end-binding proteins EB1 and APC, which have been shown to bind to the mouse formin mDia1 [17] . Therefore, formins may provide a link between the actin and MT cytoskeletons.
Here we compared the contributions of the Arp2/3 complex and the formin hDia1 to cytoskeletal regulation during distinct NK cell functions. Arp2/3 was required for actin assembly at the lytic synapse and for mature lytic synapse formation. Integrin and NK receptor signaling were unaffected by the loss of Arp2/3. In contrast, the loss of hDia1 expression did not disrupt actin assembly or lytic synapse formation but instead impaired the targeting of the MT network required for polarization and secretion of lytic granules. Thus, we found that the Arp2/3 complex and formins regulate distinct cell functions required for NK-mediated cytotoxicity and that formins link the functions of the actin and MT cytoskeletons.
Results
Arp2/3 and hDia1 Localize to the Lytic Synapse at Distinct Stages The actin cytoskeleton is critical for LS formation [7, 10] , so we determined the temporal and spatial regulation of the actin nucleators Arp2/3 and hDia1 at the LS. Upon adhesion to target cells, GFP-actin and GFP-Arp3 localized to the LS within 5 min ( Figure 1A ). In contrast, GFP-hDia1 did not localize to the LS until 10 min. We next wanted to determine the spatial regulation of Arp2/3 and hDia1 within the LS. Primary NK cells were allowed to adhere to the ligand UL16-binding protein (ULBP) for the activating receptor NKG2D and the ligand intracellular adhesion molecule 1 (ICAM-1) for a L b 2 -integrin (LFA-1). Arp3 was localized peripherally to a cortical ring with punctate staining within the cell interior with a high degree of actin colocalization ( Figure 1B ). In contrast, punctate hDia1 staining was localized centrally within the LS with little actin colocalization.
To test a defined synthetic target and examine endogenous proteins, we incubated primary NK cells with Dynabeads coated with ULBP and ICAM-1. As seen with target cells, actin was recruited to the bead within 2.5 min and persisted for at least 30 min ( Figure 1C ). Arp3 was also recruited to the bead within 2.5 min. However, Arp2/3 recruitment decreased after 10 min, with little Arp2/3 remaining at 30 min. In contrast, bead recruitment of hDia1 did not occur until 7.5 min but persisted for at least 30 min.
To quantitate recruitment, we incubated primary NK cells expressing GFP-actin, GFP-Arp3, or GFP-hDia1 with ULBPand ICAM-1-coated beads and quantified bead-associated fluorescence over time. As observed with endogenous proteins, GFP-Arp3 and GFP-actin were associated with the beads within 2.5 min. GFP-actin remained bead associated for up to 30 min, but GFP-Arp3 association began to decrease after 7.5 min. As seen with immunoblots, GFP-hDia1 bead recruitment did not peak until 10 min and persisted for at least 30 min ( Figure 1D ). We observed very little bead-associated GFP fluorescence with primary NK cells expressing GFP alone.
Inducible Knockdown of Arp2/3 and Formins
To investigate the function of Arp2/3 in NK cells, we knocked down Arp2/3 with Tet-inducible small hairpin RNA (shRNA) expression with two different Arp3 targeting constructs (Arp3A and Arp3B). Arp3 and Arp2 protein levels were decreased by greater than 95% in NKL cells and 91% in primary NK cells at 36 hr postaddition of doxycycline (see Figure S1A available online). A nontargeting version of Arp3A (Arp3sc) had no effect on Arp3 expression. Rescue with shRNA-resistant nontagged Arp3 or GFP-tagged Arp3 produced levels of exogenously expressed Arp3 comparable to endogenous Arp3 in control cells ( Figure S1C ).
To investigate the role of formins, we knocked down hDia1, hDia2, and FHOD1 via Tet-inducible shRNA expression. These Dia formins were chosen based upon their roles in immune cell adhesion and migration [16, 18, 19] . FHOD1 was chosen because it also has been shown to play a role in cell adhesion and migration; however, it is structurally distinct from the Dia formins [20] [21] [22] . Two different hDia1 targeting constructs, hDia1A and hDia1B, decreased hDia1 protein levels by greater Figure S1B) . A nontargeting version of hDia1A (hDia1sc) had no effect on hDia1 expression. In addition, hDia2 expression was unaffected by the loss of hDia1 expression. This was a concern because it has been observed that loss of hDia1 in knockout mice leads to an increase in hDia2 expression [23] . Rescue with shRNA-resistant nontagged hDia1 or GFP-tagged hDia1 produced levels of exogenously expressed Arp3 comparable to endogenous hDia1 in control cells ( Figures S1C  and S1D ). In addition, we were able to knock down hDia2 and FHOD1 expression by greater than 98% (Figures S1E and S1F) .
Role of Arp2/3 and Formins in Cytolysis
To assess the role of Arp2/3 and formins in NK cell functions, we first assayed NK-mediated cytotoxicity. Primary NK cells with decreased Arp2/3 expression displayed a significant decrease (41%) in cytolytic activity ( Figure 1E ; Figure S2A ). However, Arp2/3 knockdown did not inhibit cytotoxicity to the same degree as latrunculin A (LatA) treatment did (80%). Because the knockdown of Arp2/3 was not complete, low levels of Arp2/3 may be sufficient to mediate low levels of cytotoxicity, or alternative pathways may substitute.
Decreased hDia1 expression also inhibited cytolytic activity (40%) ( Figure 1F ; Figure S2A ). In primary NK cells lacking hDia2 or FHOD1, we observed no effect on cytotoxicity; therefore, we did not further investigate hDia2 or FHOD1. The rate of cytolysis by primary hDia1-knockdown cells was initially similar to control cells and then decreased after 30 min. To test whether this effect could be attributed to a less complete knockdown observed in primary NK cells, we measured cytotoxicity with NKL cells, in which there was almost complete knockdown (>98%). With NKL cells, cytotoxicity was decreased immediately from the initial time point, and the level remained low over time ( Figure S2B ).
Adhesion to ICAM-1 and Fibronectin NK cells must first exit the vasculature in order to interact with potential target cells. The interaction of NK cells with vascular smooth muscle (VSM) cells is mediated by interaction of NKexpressed LFA-1 (a L b 2 ) with VSM cell-expressed ICAM-1. Once extravasation occurs, the NK cells also utilize the integrins VLA-4/5 (a 4/5 b 1 ) to mediate adhesion to fibronectin (Fn) within the extracellular matrix. To assess the role of Arp2/3 and hDia1 in adhesion, we performed adhesion assays in which primary NK cells were allowed to adhere to ICAM-1 or Fn. The loss of Arp2/3 expression inhibited adhesion to both ICAM-1 (49%) and Fn (28%) ( Figure S3A ). Adhesion to both ligands was rescued with reexpression of Arp3. In contrast, adhesion to ICAM-1 was not affected by the loss of hDia1 expression ( Figure S3B) ; however, loss of hDia1 did inhibit adhesion to Fn (>40%) and was rescued by reexpression of hDia1 ( Figure S3B ).
To assess the state of the actin cytoskeleton and localization of integrins during cell adhesion, we allowed primary NK cells to adhere to ICAM-1 or Fn, stained them with fluorescent phalloidin and specific antibodies, and imaged them by total internal reflection fluorescence (TIRF) microscopy. Control cells on ICAM-1 spread evenly and displayed an F-actin-rich cortical ring and central punctate F-actin staining (Figure 2A) . At the cortex, Arp3 colocalized with F-actin (Figure 2A ). LFA-1 staining was localized to a peripheral ring with little central LFA-1 staining. Loss of Arp2/3 resulted in little cell spreading, more diffuse actin staining with little or no cortical actin accumulation, and the appearance of numerous filopodia (Figure 2A , inset). LFA-1 staining in Arp2/3-knockdown cells was punctate but not localized to a peripheral ring. The control phenotype was rescued with expression of Arp3 ( Figure S3C ). On ICAM-1, hDia1 was localized to the cell periphery but, unlike Arp2/3, was not highly colocalized with F-actin (Figure 2B) . In contrast to Arp2/3, we did not observe any significant change in actin cytoskeleton morphology with the loss of hDia1 expression on ICAM-1; however, hDia1-knockdown cells (mean diameter 5.9 6 1.3 mm) were less spread as compared to control cells (8.6 6 1.6 mm; p < 0.01). Although hDia1-knockdown cells were less spread, LFA-1 and actin staining were still properly localized.
On Fn, primary NK cells spread more unevenly and displayed numerous F-actin-rich pseudopodia and filopodia with cortical F-actin staining ( Figure 2C ). Again, Arp3 colocalized with F-actin ( Figure 2C ); VLA-4/5 localized to a peripheral ring with little central staining but with more actin colocalization than was observed for LFA-1 and actin when cells were adhered to ICAM-1 ( Figure 2C ). The loss of Arp2/3 resulted in little cell spreading with numerous filopodial-like projections remaining ( Figure 2C , inset), and VLA-4/5 staining was punctate but not localized to a peripheral ring. Cell spreading, morphology, and VLA-4/5 localization were rescued with expression of Arp3 ( Figure S3C ). For hDia1 on Fn, we observed more colocalization of hDia1 with F-actin, especially at the tips of the pseudopodia and filopodia ( Figure 2D ). The loss of hDia1 resulted in decreased cell spreading with little or no filopodial or pseudopodial projections. The mean diameter was 5.1 6 0.7 mm in hDia1-knockdown cells and 9.7 6 1.8 mm in control cells (p < 0.01), and hDia1-knockdown cells on Fn resembled NK cells adhered to ICAM-1 with less cell spreading. In contrast to the loss of Arp2/3, peripheral localization of VLA-4/5 was observed even with the loss of hDia1 ( Figure 2D ). Cell spreading was rescued with reexpression of hDia1 (Figure S3C ). The observed inhibition of adhesion with the loss of Arp2/3 or hDia1 expression was not due to an inhibition of integrin activation. Loss of Arp2/3 or hDia1 did not inhibit conversion of LFA-1 or VLA-4/5 to the high-affinity state, as assayed by mAb24 and 9G2 staining, respectively (Table S1) .
Thus, Arp2/3-mediated actin assembly is required for firm adhesion to and cell spreading on ICAM-1 and Fn and the proper localization of integrins that are mediating cell adhesion. hDia1 is required for complete cell spreading on ICAM-1 and for adhesion to Fn as well as for the formation of filopodia and pseudopodial extensions, but hDia1 is not required for integrin localization.
Integrin Signaling
Because the loss of Arp2/3 did not decrease integrin activation, we did not expect significant defects in integrin-mediated signaling. As expected, loss of Arp2/3 only marginally inhibited Lyn (8%) and Pyk2 (9%) ( Figure 2E ) as well as Syk (11%) and PI3 kinase (PI3K; 13%) ( Figure S3D ) activation at 10 min on ICAM-1. However, Vav1 activation was significantly decreased (>65%) ( Figure 2E ). We then assessed proteins associated with LFA-1 and observed no significant decrease in the association of talin ( Figure 2F ) or cytohesin-1 ( Figure S3D ). However, although we did not observe a significant decrease in Pyk2 activation (9%), we observed a significant decrease in the association of activated Pyk2 with LFA-1 (>85%) (Figure 2F ).
Because we did not observe a significant inhibition of adhesion on ICAM-1 with the loss of hDia1, we did not assay LFA-1-mediated signaling. On Fn, loss of hDia1 expression did not inhibit Lyn ( Figure 2G ), Pyk2, or PI3K activation ( Figure S3E ) and only moderately inhibited Vav1 activation (15%) (Figure 2G ). In addition, loss of hDia1 expression did not disrupt association of talin or Pyk2 with VLA-4 ( Figure S3E ).
Rho-family GTPases are critical for the actin assembly needed for integrin-mediated adhesion, so we examined the role of Arp2/3 and hDia1 in Rho-family GTPase activation. Control primary NK cells adhered to ICAM-1 showed activation of Rac1, Cdc42, and Rap1 that began at 5 min and peaked at 10 min postadhesion, based on Cdc42/Rac-interacting binding domain (CRIB) pulldown assays ( Figure 2E ). Arp2/3 knockdown diminished Rac1 (42%) and Cdc42 (61%) activation at 10 min, whereas Rap1 activation was largely unaffected (11%). We next examined the role of hDia1-mediated actin assembly in Rho-family GTPase activation in NK cells on Fn. In control primary NK cells on Fn, activation of Rho, Rac, and Cdc42 was observed within 5 min and peaked at 10 min ( Figure 2G ; Figure S3E ). The loss of hDia1 did not diminish the activation of Rac1 ( Figure S3E) ; however, the activation of Cdc42 (66%) and RhoA (72%) was inhibited at 10 min ( Figure 2G ), and this inhibition was rescued with reexpression of hDia1.
Arp2/3 and hDia1 Are Required for Chemotaxis Following extravasation, NK cells chemotax toward sites of inflammation or tumorigenesis. To assay chemotaxis, we examined primary NK cells on Fn in the presence of an SDF-1a gradient and quantified the rate of migration. Treatment of primary NK cells with LatA completely disrupted the ability of the cells to migrate. Arp2/3-knockdown cells showed a significantly slower rate (0.22 mm/min) of migration compared to wild-type (WT) cells (0.4 mm/min) ( Figure 3A ). This defect was rescued with reexpression of Arp3. We observed no increase in the rate of migration as the cells migrated closer to the chemotactic source. hDia1-knockdown cells also showed a significantly slower rate of migration compared to control cells ( Figure 3A) . The rate of migration (0.21 mm/min) up to 30 min was similar to that of Arp2/3-knockdown cells (0.18 mm/min); however, after 30 min the rate of migration decreased (0.11 mm/min) for the remainder of the assay. C. Immunoblots of cell lysates were probed with indicated phosphospecific Abs. Whole-cell lysates (WCL) are 1/10 total lysates and were run separately and probed with indicated Abs. For Rho-family GTPase signaling, primary cells were allowed to adhere to ICAM-1 for indicated times (min) at 37 C, and GTP-bound Rac1, Cdc42, or Rap1 was pulled down from cell lysates via Cdc42/Rac-interacting binding domain (CRIB) pull-down assays and then subjected to SDS-PAGE with detection by immunoblot. Total Rac1, Cdc42, or Rap1 was blotted separately with WCL as above. (MW: Lyn, 26 kDa; Pyk2, 106 kDa; Vav1, 95 kDa; Rap1/Rac1/Cdc42, 24 kDa.) (F) Association of specific signaling proteins with integrin b 2 . Primary cells were allowed to adhere to ICAM-1 for indicated times at 37 C. Cell lysates were immunoprecipitated with anti-b 2 -coated Dynabeads and blotted with mAbs for indicated proteins. Total proteins were blotted separately with WCL as above. (MW: talin, 235 kDa.) (G) Signaling. Primary cells were allowed to adhere to Fn for indicated times at 37 C. Immunoblots of cell lysates were probed with phosphospecific Abs. Total proteins were blotted separately with WCL as above. For Rho-family GTPase signaling, primary cells were allowed to adhere to Fn for indicated times (min) at 37 C. GTP-bound Rho and Cdc42 were pulled down as above and detected by immunoblot. (MW: Rho, 24 kDa.) KD indicates knockdown.
We also determined that Arp2/3 or hDia1-deficient NK cells, despite their slower migration rate, were capable of persistent directional migration when compared to WT cells ( Figure 3B ).
During chemotaxis, both Arp2/3 and hDia1 were localized at the leading edge. Arp2/3 also localized centrally within the cell, whereas hDia1 displayed additional localization at the rear of the cell ( Figure 3C ).
Chemokine (SDF-1a) ligation of its receptor (CXCR4) results in the activation of multiple signaling pathways, including the phosphorylation and activation of phospholipase C-b (PLCb), PAK1, and PI3K. NK cells were adhered to poly-L-lysine (PLL) instead of Fn to remove integrin-mediated signaling and were exposed to SDF-1a. Loss of Arp2/3 did not disrupt PLCb (11%), PAK1 (6%) ( Figure 3D ), and PI3K (8%) (Figure S4A) activation, but Vav1 activation was greatly diminished (85%) ( Figure 3D ). In contrast, the loss of hDia1 disrupted PLCb, PAK1, and PI3K activation at 10 min, although the initial activation at 5 min was unaffected ( Figure 3D ).
We next examined the role of Arp2/3 or hDia1 in CXCR4 localization. In control NK cells, CXCR4 was localized at the leading edge and highly colocalized with F-actin ( Figure 3E ). Although not as spread, Arp2/3-knockdown cells were still oriented toward the SDF-1a, and CXCR4 was still localized in the direction of migration ( Figure 3E ). However, we observed CXCR4 localization at the rear of the cell in Arp2/3-knockdown cells. Cell spreading and CXCR4 localization were restored with the reexpression of Arp3 ( Figure S4B) .
Because SDF-1a-mediated signaling was disrupted with the loss of hDia1 after 5 min, we evaluated CXCR4 localization at 5 and 15 min and observed that, unlike Arp2/3-knockdown cells, the CXCR4 receptor was not localized to the leading edge at 15 min but was localized within the interior of the cell ( Figure 3F) . Localization of the CXCR4 receptor was restored with reexpression of hDia1 ( Figure S4B ).
Lytic Synapse Architecture Is Disrupted with Loss of Arp2/3 Upon reaching a site of inflammation or tumorigenesis, an NK cell interacts with potential target cells to form a stable LS. The LS creates a tight seal between the NK and target cell that facilitates the transfer of lytic granules. Therefore, we evaluated the ability of Arp2/3-or hDia1-knockdown cells to form stable LSs. LatA treatment abolished stable conjugate formation (Figure 4A) , and Arp3-knockdown cells formed far fewer stable cell conjugates (p < 0.001), whereas hDia1-knockdown cells were unaffected.
NK cells stably attach to potential target cells by engagement of the integrin LFA-1 and activating NK receptors, including NKG2D, so we assessed the ability of LFA-1 and NKG2D to localize to the LS. For Arp2/3-knockdown cells, LFA-1 and NKG2D were localized to the LS but actin was not ( Figure 4B ). In addition, the diameter of the LS, determined via LFA-1 fluorescence, was significantly smaller (2.3 mm) in Arp2/3-knockdown cells as compared to control cells (4.8 mm) or Arp2/3 rescue cells (4.1 mm) ( Figure S5A ). We observed no loss of actin, NKG2D, or LFA-1 LS localization with hDia1-knockdown cells ( Figure 4B ), and LSs were the same diameter as control cells (data not shown).
NK cells were then evaluated for fluorescence intensity of proteins localized to the LS ( Figure S5B) . In control cells, 47% of the fluorescent actin was localized to the LS, compared to 9% in Arp2/3-knockdown cells. In control cell conjugates, 67% of the LFA-1 and 76% of the NKG2D fluorescence intensity was localized to the LS as compared to 31% and 36% of the LFA-1 and NKG2D fluorescence in cells lacking Arp2/3 expression, respectively.
We next examined LS organization by TIRF microscopy on ICAM-1 and ULBP. Actin staining formed a cortical ring with less staining within the central region in a percentage of cells (32%) ( Figure 4C ). LFA-1 staining formed a peripheral ring that began just inside of the cortical F-actin ring (Figure S5C) , whereas NKG2D localized centrally within the cell ( Figure 4C ). Upon depletion of Arp2/3, we observed punctate LFA-1 and NKG2D staining over the entire LS ( Figure 4C ; Figure S5C ). Localization of NKG2D and LFA-1 was restored with reexpression of Arp3 ( Figure S5C ). In contrast, loss of hDia1 expression did not disrupt LFA-1 ( Figure S5C ) or NKG2D ( Figure 4C ) localization, even though hDia1-knockdown cells were not as spread as control cells. In addition, via bead assays, we observed a significant loss of actin accumulation at the LS with the loss of Arp2/3 (88% at 10 min) (Figure 4D ), but not with the loss of hDia1 expression. Together, these data suggest that Arp2/3 plays a major role in actin assembly at the LS, whereas hDia1 does not, and that effects on the LS cannot account for the decrease in NK-mediated cytotoxicity displayed by hDia1-knockdown cells.
Because knockdown of Arp2/3 impaired F-actin localization to the LS, we investigated the protein composition of the LS. Via the ICAM-1/ULBP bead assay, we observed that actin and several actin regulatory proteins localized to the LS in a specific temporal fashion ( Figure S5D ). In Arp2/3-deficient NK cells, recruitment of actin, capping protein (CP), WASP, and cofilin were all impaired. The low levels of recruitment of these proteins throughout the assay are indicative of multiple transient interactions occurring.
Arp2/3 and NK Receptor Signaling
We next investigated whether Arp2/3 was important for signaling pathways downstream of NK receptors required for cytolysis. LS localization of NKG2D still occurred in Arp2/3-knockdown cells. With ICAM-1-and ULBP-coated beads, we observed that activation of early signaling events, including Lyn (7%) and Dap10 (9%), was unaffected in Arp2/3-knockdown cells at 10 min ( Figure 4E ). However, sustained activation of HS1 (37%) and Vav1 (82%) was inhibited at 10 min by the loss of Arp2/3 and was restored by reexpression of Arp3.
Recruitment of signaling molecules including Dap10 (8%) and Grb2 (18%) to the NKG2D receptor was largely unaffected by the loss of Arp2/3 ( Figure 4F ). However, the association of PI3K with Grb2 was moderately decreased at 10 min (38%) with the loss of Arp2/3, and this defect was rescued with reexpression of Arp3.
We next examined Rho GTPase signaling, which is downstream of the GEF Vav1 and is critical for NK-mediated cytolysis. With ICAM-1-and ULBP-coated beads, we observed that in control NK cells, Rac1 and Cdc42 activation started within 5 min and peaked at 15 min ( Figure S5E ). Knockdown of Arp2/3 diminished the sustained activation of both Rac1 and Cdc42, and this defect was rescued by reexpression of Arp3.
Effect of hDia1 on NK-Mediated Cytotoxicity Is Regulated through Microtubule Dynamics MT dynamics play a critical role in the movement and release of lytic granules in NK cells and CTLs [11, 24] . Formins, including mDia1 and mDia2, can interact with and regulate MT dynamics in a number of cell types, including T cells [15, 16, 25] . To determine whether the role that hDia1 is playing in NK-mediated cytotoxicity is through the regulation of MT dynamics, we first performed chemical epistasis experiments. In addition to knocking down Arp2/3 or hDia1, we treated primary NK cells with LatA or nocodazole (Noc) to disrupt the actin or MT cytoskeleton, respectively. The loss of either Arp2/3 or hDia1, in conjunction with LatA treatment, inhibited NK-mediated cytolysis to the same extent as LatA alone ( Figure 5A ). In contrast, Arp2/3-knockdown cells treated with Noc were inhibited more (p < 0.01) than with Arp2/3 knockdowns or Noc treatment alone, indicating that Arp2/3-mediated actin assembly and MT dynamics are acting in separate pathways. In contrast, hDia1-knockdown cells treated with Noc did not show enhanced inhibition of cytolysis, suggesting that hDia1 is regulating cytotoxicity in a pathway that includes MTs.
MTs are dynamic structures that undergo regulated assembly and disassembly. Stable MTs can be found localized at the leading edge of migrating cells, apparently captured at their plus ends. EB1 and APC bind to the plus ends of MTs and stabilize them [26] . mDia1 and mDia2 can bind to EB1 and APC, as well as to CLIP170, acting in concert with these proteins to stabilize MTs at the leading edge of migrating cells [17, 27] . We therefore asked what role hDia1, EB1, and APC might play in regulation of the MT cytoskeleton during cytolysis.
First, we visualized the LS by TIRF microscopy with NK cells plated on ICAM-1 and ULBP. We observed that hDia1 colocalized with both APC and EB1 ( Figure 5B ) to a high degree. At high magnification ( Figure 5B, inset) , some foci contained APC or hDia1 alone, but EB1 and hDia1 foci were almost completely overlapping. We observed that 68% (100 cells) of all APC foci were colocalized with hDia1, whereas 88% (100 cells) of all EB1 foci were colocalized with hDia1.
We next examined MT-related protein recruitment via bead assays with primary NK cells. hDia1 was recruited to the beads within 10 min, and this interaction persisted for at least 30 min ( Figure 5C ). APC, EB1, and tubulin were recruited to the beads at 15 min and persisted for at least 30 min. The loss of hDia1 led to a loss (>90%) of recruitment of the MT-associated proteins EB1 and APC ( Figure 5C ). In contrast, Noc treatment did not lead to a loss of APC recruitment, but bead-associated EB1 and tubulin were significantly reduced (>85%).
To examine EB1 and APC recruitment further, we visualized the LS by TIRFM in NK cells plated on ICAM-1 and ULBP. hDia1 was abundant at the cell and substrate interfaces and localized within the peripheral ring of LFA-1 ( Figure 5D ). EB1 and APC localization were similarly restricted inside the ring of LFA-1. In hDia1-knockdown cells, the formation of the LFA-1 ring was unaffected; however, the localization of both EB1 and APC within the ring of LFA-1 was greatly reduced.
To further evaluate the hierarchy of recruitment to the LS, we knocked down APC and EB1 (Figures S6A and S6B) . Loss of either APC or EB1 inhibited NK-mediated cytotoxicity to the same degree as the loss of hDia1 ( Figure S6C ). In bead assays, hDia1-knockdown cells displayed a significant loss in beadassociated APC, EB1, and tubulin. In contrast, the knockdown of APC led to a loss of EB1 and tubulin recruitment, but not of hDia1, whereas the knockdown of EB1 expression only decreased tubulin recruitment ( Figure 5E ). Taken together, these data indicate that recruitment of hDia1 to the LS is required for the subsequent recruitment of APC, which is necessary for recruitment of EB1 and MTs. C while cells were adhered to Fn. Cells were fixed and stained for tubulin (Alexa 488 anti-tubulin, green panels) and imaged for fluorescence. N denotes nucleus of NK cell. (B) Lytic granule recruitment to the LS. Control, hDia1-knockdown, Noc-treated, or hDia1-rescue primary NK cells were allowed to adhere to ICAM-1-and ULBP-coated Dynabeads for 15 min at 37 C. While magnetically restrained, the beads were pulse sonicated. Beads were then subjected to SDS-PAGE and immunoblotted with anti-granzyme B. WCS was run separately and probed with anti-granzyme B. (MW: granzyme B, 37 kDa.) (C) Release of lytic granule contents into the medium. Control, Noc-treated, hDia1-knockdown, or hDia1-rescue primary NK cells were allowed to adhere to ICAM-1-and ULBP-coated 96-well plates for 1 hr at 37 C. Supernatant was collected, and granzyme B was measured by enzyme-linked immunosorbent assay (ELISA). Shown are means 6 SEM for three separate experiments. KD indicates knockdown.
mDia1 Is Required for Lytic Granule Polarization and Secretion
The final stage in NK-mediated cytotoxicity is the polarization and exocytosis of lytic granules toward the target cell, allowing for the release of cytolytic enzymes, including perforin and granzyme B. We evaluated how MT-dependent lytic granule localization and release depend on hDia1. In control cells, the lytic granules were localized along MTs and directed toward the target cell ( Figure 6A ). Treatment with Noc completely disrupted MTs, and lytic granules were found only at the MTOC. In hDia1-knockdown cells, we observed only short MTs radiating from the MTOC that did not contact the LS, and lytic granules remained localized at the MTOC; however, the MTOC was still polarized in front of the nucleus (N). This defect was rescued with reexpression of hDia1.
Next, we asked whether lytic granules arrived at the LS with a biochemical assay. With ICAM-1-and ULBP-coated Dynabeads, we observed that granzyme B was recruited to the beads in control NK cells, but not in Noc-treated or hDia1-knockdown cells ( Figure 6B ). This defect was rescued with reexpression of hDia1. In addition, we assayed for the release of granzyme B into the medium by enzyme-linked immunosorbent assay (ELISA). hDia1-knockdown and Noc-treated NK cells released less granzyme B than did control cells, again rescued with reexpression of hDia1 ( Figure 6C ).
We next examined MT stability by staining for posttranslational modifications. Stabilized MTs have elevated levels of detyrosinated a-tubulin (i.e., Glu MTs), and acetylated MTs [28] [29] [30] . We observed a dramatic decrease in the amount of both forms of modified tubulin in hDia1-knockdown cells compared to control cells ( Figures S7A and S7B) . Taken together, these data indicate that hDia1 plays a critical role in NK-mediated cytotoxicity, and that hDia1 acts through the targeting and stabilization of MTs, via APC and EB1.
Discussion
Two major classes of actin nucleators, the Arp2/3 complex and formins, promote actin assembly in cells. Here we sought to understand their individual roles, including how their roles relate to cell signaling. Our study made several important discoveries. First, Arp2/3 is necessary for many of the processes essential to NK cell function, including adhesion to specific ligands, chemotaxis, and lytic synapse assembly. Second, although many of the early steps of receptor-based signaling are independent of Arp2/3, the responses of Vav1 and small GTPases do depend on Arp2/3-mediated actin assembly, suggesting the existence of positive feedback regulation. Third, the formin hDia1 is not required for stable lytic synapse formation but is required to capture dynamic MTs, which is necessary to target lytic granules.
Adhesion
The first steps in NK cell function are based on adhesion, to vascular smooth muscle cells during extravasation or then to extracellular matrix during chemotaxis. We observed that the loss of Arp2/3 or the formin hDia1 inhibited adhesion and spreading on specific ligands in distinct ways. On ICAM-1 and Fn, the loss of Arp2/3 inhibited adhesion, spreading, and proper localization of the integrins LFA-1 and VLA-4. Arp2/3 is critical for generating the protrusive forces needed to change cell shape and generate lamellipodia in fibroblasts [31] [32] [33] and T cells [34] . Therefore, we were not surprised to find that the loss of Arp2/3 led to defects in cell adhesion and spreading, including the loss of lamellipodial protrusions. In addition, the loss of Arp2/3 also led to the formation of numerous filopodia. The loss of hDia1 led to an inhibition of adhesion on Fn but not ICAM-1. The hDia1-knockdown cells did display less cell spreading on either ICAM-1 or Fn. Formins, in contrast to Arp2/3, bind to the barbed end of existing actin filaments and generate long, straight actin filaments that are observed in filopodia [6] . Here, the loss of hDia1 led to a decrease in filopodial and pseudopodial protrusions on Fn.
Chemotaxis
After exiting the vasculature, NK cells migrate to the site of inflammation or tumorigenesis guided by chemotactic cues. Here, Arp2/3 and hDia1 were both required for efficient chemotaxis by NK cells, but through different mechanisms. Arp2/3-deficient cells migrated more slowly, and by examining the actin cytoskeleton, we found Arp2/3-knockdown cells to be defective in spreading, with a decrease in lamellipodia in the direction of migration. Loss of hDia1 also led to slower migration during chemotaxis. As with the loss of Arp2/3, hDia1-knockdown cells were less spread, but they maintained a leading edge in the direction of migration. The loss of hDia1 led to a loss of filopodial protrusions, similar to what we observed with the loss of hDia1 during adhesion to Fn. These results are consistent with defects in chemotaxis observed in neutrophils and T cells from mDia1-knockout mice [18, 19, 35] .
Signaling NK cell biology displays a complex set of interactions between the cytoskeleton and signaling pathways. Signals from membrane receptors direct assembly of the actin cytoskeleton, but one can also imagine that the cytoskeleton helps to form a scaffold on which signaling pathways are amplified and integrated. In NK cells, signaling occurs downstream of integrins, chemokines, and activating NK receptors, and these pathways are important for adhesion, chemotaxis, and lytic synapse formation, respectively.
Here, we observed that the early steps of receptor-mediated signaling from integrins, chemokines, and activating NK receptors were largely unaffected by the loss of Arp2/3 or hDia1. In contrast, later steps in each of these signaling pathways were inhibited. For example, in Arp2/3-knockdown cells, in terms of integrin signaling downstream of LFA-1 ligation, the activation of Lyn, Pyk2, Syk, and PI3K was unaffected, whereas activation of the GEF Vav1 and the Rho-family GTPases was inhibited. This latter result was somewhat surprising because Rho-family GTPases have generally been considered to be ''upstream'' of and therefore required for the activation of formins and of WASP/WAVE proteins, which activate Arp2/3. However, such a result is not without precedent, because the loss of mDia1 or mDia2 has been observed to inhibit Rho and/or Cdc42 in neutrophils and glioma cells [19, 36] . With regard to chemokine-based signaling, the loss of hDia1 significantly disrupted downstream elements of the signaling pathway as well as proper localization of the chemokine receptor. Both of these observations are in contrast to what was observed for loss of Arp2/3. Thus, the cellular actin structures that result from these different actin nucleators may be responsible for distinct functions during chemotaxis. Alternatively, the loss of hDia1 may mediate this function by some process other than actin assembly, including MT-based localization of adhesive and signaling proteins to the leading edge.
Taken together, the signaling pathway results here suggest that actin assembly not only is the effector of the signaling cascades that operate during NK cell function but also helps facilitate signaling pathways in a dynamic feedback loop. This general conclusion was also reached in our previous study of the role of the cortactin homolog HS1 in NK cells [37] .
Lytic Synapse Formation and Cytolysis
Once at the site of inflammation or tumorigenesis, an NK cell interacts with potential target cells and, if appropriate, forms an LS, which requires regulated actin assembly. Here, we observed that actin accumulated at the cell-cell contact zone within minutes of contact between an NK cell and a potential target cell and that actin assembly persisted at the LS for up to 30 min. The localizations of Arp2/3 and hDia1 were quite distinct, both spatially and temporally. Arp2/3 appeared at the LS early, coincident with actin accumulation, whereas hDia1 did not appear at the LS until late. Arp2/3 recruitment decreased over time, whereas that of hDia1 did not. In addition, as determined by TIRF microscopy, Arp2/3 and hDia1 localized to distinct areas of the LS, with Arp2/3 concentrated at the cortex and in the peripheral zone, whereas hDia1 was in a nonoverlapping central zone.
NK cells are innate immune cells, and they interact with and kill target cells without the need for prior activation. This is due in part to the constitutive surface expression of both activating NK receptors and integrins. Upon contact with potential target cells, these receptors become engaged and help initiate actin cytoskeletal reorganization required for stable LS formation and cytotoxicity. Partitioning of the NK receptors to the central core of the LS and the integrins to the periphery requires Arp2/ 3-mediated actin assembly, because knockdown of Arp2/3 led to a loss of actin accumulation at the LS and a dramatic loss in the formation of stable NK/target cell conjugates. Proper recruitment and localization of actin-associated proteins, as well as signaling and adhesion proteins, to the LS were also impaired. In contrast, stable NK/target cell conjugates formed, and actin and actin-associated proteins were recruited normally in hDia1-knockdown cells. This result is consistent with observations in T cells, where the loss of mDia1 did not disrupt actin accumulation at the immune synapse [16] . Because hDia1 did not appear to be regulating NK-mediated cytotoxicity through actin assembly during LS formation, we examined MTs and lytic granules.
hDia1 and Microtubules MT dynamics are known to play a critical role in NK-mediated cytotoxicity [24] . Formins can interact with and regulate MT dynamics in a number of cell types [15, 16, 25] . Of note, the actin-nucleating activity of mDia2 is not required for its association with MTs [15] . Therefore, we considered whether hDia1 might have an effect on MTs here, independent of actin. Indeed, we observed that the loss of hDia1 disrupted the ability of the LS to capture MTs and to recruit the MT-associated proteins APC and EB1 to the LS. During LS formation, hDia1 was recruited first, before the MT-associated proteins. In addition, the presence of hDia1 at the LS was required for the subsequent recruitment of APC, EB1, and MTs. Knockdown of APC did not affect hDia1 recruitment but did inhibit EB1 and MT recruitment. Knockdown of EB1 disrupted MT recruitment to the LS without effects on hDia1 or APC. Thus, hDia1 appears to recruit APC, which then recruits EB1 and captures MTs. How hDia1 is recruited to the LS remains an open question.
The details of the method by which cytolytic granules are secreted onto the target cells are largely unknown. In CTLs, which are similar to but distinct from NK cells, the MTOC becomes intimately associated with the lytic synapse [12] , and granules are closely associated with the MTOC. Thus, the granules appear to have a very short distance to travel in order to fuse with the plasma membrane near the target cell. Here, in striking contrast, we did not observe intimate contact between the MTOC and the target cell. In control cells, the MTOC was an appreciable distance away from the LS, and MTs were directed from the MTOC toward the LS. Cytolytic granules were distributed along these MTs, consistent with the granules using the MTs as tracks for polarized secretion. These MTs oriented toward the LS were stained with markers for stabilized MTs, confirming that the MT plus ends are captured at the LS. In contrast, in hDia1-knockdown NK cells, MTs did not appear to be captured by the LS. The MTs were short and did not extend very far away from the MTOC. Accordingly, the lytic granules remained near the MTOC, along the MTs. The MTOC was generally still oriented toward the target cell, which may be a finding distinct for NK cells in that T cells with loss of mDia1 exhibited loss of polarity of the MTOC [16] .
Although a difference in cell types, namely T cell and CTL versus NK cell, may explain the differences in our results here compared to others in the literature [12, 38] , another alternative explanation may be the way in which the assays were performed. We visualized NK cells in contact with target cells on a surface and in the context of an adhesive environment. The NK cells were required to migrate along the surface to find a target cell. In contrast, previous studies have used cells in suspension, centrifuging them together to bring them in contact.
Taken together, our results demonstrate that Arp2/3 and the formin hDia1 contribute in different ways to the variety of NK cell functions. In addition, Arp2/3 and the formin hDia1 are not merely downstream effectors of signaling cascades but instead appear to contribute, in distinct ways, to the propagation and maintenance of signaling. The fact that both Arp2/3 and formins appear to be necessary for the activity of Rhofamily GTPases but can be activated by Rho-family GTPases suggests that positive feedback loops may be critical to the activation and maintenance of both actin assembly and signaling pathways.
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